A model for a metal-oxide-semiconductor field-effect-transistor (MOSFET) with a surrounding gate (SG) is developed. Analytical solutions to the model are obtained by solving Poisson's equation using series expansion. Taking short-channel effects into account, the analytical expressions for electric potential, electric field, and threshold voltage are obtained. It is found that the transistor is fully depleted for a small radius, and the threshold voltage increases as the radius increases or as the oxide capacitance per unit area decreases.
Introduction
As complementary metal-oxide-semiconductor (CMOS) down scaling progresses, gate oxide tunneling emerges as one of the bottlenecks. To reduce the tunneling effect, a double-gate (DG) metal-oxide-semiconductor field-effecttransistor (MOSFET) has been proposed and studied to a great extent; see for example refs. 1-3, and the references therein. A MOSFET with an undoped or lightly doped surrounding gate (SG) has been proposed, and some physical properties of the device, such as the current through the device, and I-V characteristics have been studied. [4] [5] [6] In addition, some efforts have been focused on the evenly doped, fully depleted SG MOSFET. [7] [8] [9] [10] [11] Owing to the large gate area, an oxide thicker than that employed in the traditional planar MOSFET can be used in the SG MOSFET, thereby reducing the tunneling current effectively. As a consequence, it is indispensable to study the evenly doped SG MOSFET. In this study, we develop a model through which we obtain the electric potential and determine the threshold voltage of an SG MOSFET by solving Poisson's equation in cylindrical coordinates analytically. The results are obtained without making any premature approximations.
The shape of the MOSFET is cylindrical; see Fig. 1 . For an evenly doped body, Poisson's equation in cylindrical coordinates is
where q is the electronic charge, N A the doping density of the semiconductor, and " si the permittivity of the silicon body. Carrier density is ignored and impurity concentration is assumed to be constant. Since is independent of ', eq. (1) is simplified as
The boundary conditions are as follows:
where V SS is the built-in voltage, V DS the drain voltage, V GS the gate voltage, V FB the flat-band voltage, and V GF V GS À V FB . t ox and " ox are the thickness and permittivity of the oxide, respectively. L and a are the channel length and radius of the cylinder, respectively. C ox ¼ " ox =½a lnð1 þ t ox =aÞ is the capacitance per unit area of the oxide. The boundary conditions are similar to those in ref. 12 . Equation (6) is obtained using Gauss' theorem at the boundary.
Electric Potential
As in our previous paper, 13) with boundary conditions of eqs. (3) and (4), one can assume the solution to eq. (1) to be expressed as Substituting eq. (7) into eq. (2) one will find that A n ðÞ can be determined using
where r n ¼ n=L, n ¼ 1; 2; 3; . . . and
n =ð" si r n Þ. The solution to eq. (8) is
where I 0 ðxÞ is the first kind of imaginary Bessel function, and K 0 ðxÞ is the second kind of imaginary Bessel function. When ¼ 0, K 0 ðr n Þ will be infinite, but ð0; zÞ is limited and we have D n ¼ 0.
Substituting A n ðÞ from eq. (9) into eq. (7), the electric potential is obtained as
ð10Þ Boundary condition (5) is guaranteed naturally because the derivative of I 0 ðr n Þ with respect to is 0 at ¼ 0. With boundary condition (6) and using Fourier series expansion, one has
where
and Q n is given by
With eq. (10), one obtains the expression for the potential. One should notice that the validity of eq. (10) depends on the convergence of A n ðÞ. Actually, A n ðÞ converges very fast with respect to argument n. For instance, for a MOSFET with
, and A 15 ðaÞ=A 1 ðaÞ ¼ 0:0046, Fig. 2 shows the convergence clearly.
With eq. (10), the surface potential is easily obtained. Figure 3 shows the results.
Precondition for Being Fully Depleted
Similar to the method used by Viswanathan et al., 14) we derive the expression for the electric field. For the pillbox ABCD in Fig. 4 , by using Gauss' theorem one obtains
where is the bulk electronic density in silicon. E si; and E si;z are the and z components of the electric field in the semiconductor. The first term on the right-hand side of eq. (13) represents the flux lines crossing AB. The second term represents the flux lines crossing BC and AD. Equation (13) can be rewritten as
Similarly, one can obtain the component of the electric field in the semiconductor at a distance from the origin 
At the threshold voltage, the surface potential will be 2 F and we have
where 0 is the electric potential at ¼ 0 and F is the Fermi potential of the silicon body, given by
here, n i is the intrinsic carrier density. The last term of eq. (15) arises from the short-channel effect and is small. By neglecting this term and completing the integration, one has
Since 0 ! 0 and we have a fully depleted MOSFET, the radius should satisfy
From eq. (16), we see that when
, the MOSFET will no longer be fully depleted and the model considered in this study will not be applicable.
Threshold Voltage
Similar to the traditional definition, 15) we define the threshold voltage as the voltage applied to the gate when the silicon surface potential reaches 2 F : V th ¼ V FB þ 2 F þ V ox , where V ox is the voltage across the oxide.
With the same method used in section 3, the component of the electric field in the oxide at a given location ða < < a þ t ox Þ can be expressed as
By neglecting the effect of the electronic charges in the semiconductor, which is partially accounted for in the expression for V FB , and by using the boundary condition at the interface, one obtains
One can obtain the voltage across the oxide by integrating eq. (18) between the limits a and a þ t ox
After ignoring the effect of the z component of the electric field in the oxide, which is the last term on the right-hand side of eq. (19), one has
Then the threshold voltage of a short-channel MOSFET can be expressed as
In the actual calculation, z in eq. (21) is replaced with z 0 . z 0 is the point at which the surface potential reaches the minimum, and it can be determined by setting ½d ða; zÞ= dz z¼z 0 ¼ 0 in eq. (10) . This leads to
With eq. (22), z 0 can be obtained easily. After integrating eq. (21), one obtains
where G is given by
The threshold voltage of a long-channel MOSFET can be obtained by neglecting the last term of eq. (23):
The above equation gives the threshold voltage in an analytical form. When a increases, which means the channel width of the MOSFET is enlarged, the threshold voltage increases. This is different from the traditional planar singleor double-gate MOSFETs in that their threshold voltages are independent of channel width. Equation (24) also shows that the threshold voltage will decrease with increasing oxide capacitance per unit area C ox . The increase in C ox will enhance the electric field and as a result, the threshold voltage decreases.
Numerical results for eq. (23) are obtained. By assuming V FB to be À0:87 V, our results fit other models 8, 9) and simulated results 10) extremely well. Figure 5 shows the close proximity. From Fig. 5 , one can notice that as the radius increases, the threshold voltage will also increase. The dependence of threshold voltage on channel width is similar to that in long-channel SG MOSFETs.
Discussion and Concluding Remarks
(i) So far, we have analytically investigated the shortchannel SG MOSFET. We have obtained the analytical expressions for the electric potential and threshold voltages for both long-and short-channel MOSFETs.
(ii) Equation (16) gives the condition under which the transistor is fully depleted. Our analysis shows that the transistor will no longer be fully depleted when the radius is larger than 0.43 mm (at room temperature and at a doping density of 10 22 m À3 ). (iii) V th will be larger for a MOSFET with a larger radius and a smaller oxide capacitance per unit area. V th will shift slightly downward for a short-SG MOSFET, as in the case of the traditional planar one-gate MOSFET. 14) (iv) The properties of the MOSFET studied in this work can be very useful in ultralarge-scale integrated-circuit (ULSI) design. The SG MOSFET has the advantages of a short channel, a large gate area, a thick oxide, and a low tunneling current. 
